There has been great interest in the use of nanoparticles for imaging, particularly in multimodal applications (e.g., combination of MRI and fluorescence). Yet creating particles with multiple functionalities has been challenging. Here, we report the synthesis of pH sensitive, fluorescent-magnetic, nanocomposites created through a simple aqueous procedure. Separately synthesized superparamagnetic iron oxide nanoparticles and mercaptopropionic acid (MPA)-coated CdS quantum dots were crosslinked using 3-mercaptopropyl trimethoxysilane (MPS) as a bifunctional linker to yield CdS-iron oxide conjugates. Conjugates formed clusters of 0.1-1.0 μm diameter, with the smallest observed particle diameter ∼50 nm. Particle solubility and photoluminescent (PL) intensity were sensitive to solution pH, with the highest PL intensity and stability obtained at pH values <3.0 and MPS:Cd:Fe ratios of 1:10:1. pH sensitivity is believed to result from changes in nanoparticle solubility within the silica-based matrix. Given these unique properties, this material might find application in separation, pH sensitive detection (e.g., endosomal tracking) and biosensing.
Introduction
Nanoparticles have had tremendous influence in the field of biomedical imaging. Particularly, fluorescent nanoparticles prepared from type II-VI (e.g. CdS, CdSe, ZnO, ZnSe), type III-V (InGaAs/GaAs), and type IV-VI (PbSe, PbS) semiconductor materials are popular because of their unique optical properties.
Their high photostability, narrow emission bandwidths, and broad excitation spectra make these semiconductor quantum dots (QDs) an attractive alternative to traditional fluorescent organic dyes [1, 2] . QDs have been used for in vivo imaging, high throughput screening, fluorescent cell separation, and single molecule tracking [2] [3] [4] [5] . Similarly, superparamagnetic iron oxide nanoparticles (e.g. Fe 3 O 4 , Numerous strategies have been employed to create composites combining these two functionalities. Primary examples of these strategies include micellar encapsulation [15] and encapsulation in silica spheres [16] [17] [18] . The micelle encapsulation strategy is a microemulsion process that introduces a protective shell around the particles while simultaneously creating a hydrophilic nanocomposite. It can be used to encapsulate a variety of structures: covalently linked particles, coreshell structures (where the QD-core is surrounded by a layer of magnetic material [19] or vice versa [20] ) and for assembling independently synthesized quantum dots and iron oxide nanoparticles. Particles may be coated with ligands such as trioctylphosphine (TOPO) or oleylamine in a hydrophobic core to enable encapsulation by a layer of amphiphilic polymers. The polymer layer protects the core and renders the micelles water-soluble. The silica encapsulation method involves either layer-by-layer assembly [21] or co-encapsulation through microemulsion [18] . The basic premise of both micelle and silica encapsulation is to synthesize particles using an organic route and then to co-encapsulate particles in another substrate. Water solubility is introduced through the encapsulating substrate or modification of its surface.
Here, we demonstrate a new synthetic route, using an entirely aqueous synthesis, to produce fluorescent-magnetic composites that exhibit tunable fluorescence and respond to external magnetic fields. Because the synthesis is performed entirely in the aqueous phase, toxic organic solvents typically employed in both QD and iron oxide nanoparticle synthesis are avoided [22, 23] . Also, in view of employing these composites in biomedical applications, water-based synthesis was selected as an important initial step in elucidating the dynamic behaviour of the bare particle surface in water and subsequent changes in its properties based on the selection of surface ligands. Cadmium sulfide (CdS) QDs were synthesized by terminating the particle surface with mercaptopropionic acid (MPA). Iron oxide nanoparticles were synthesized through arrested co-precipitation of iron salts. Nanocomposites were created using 3-mercaptopropyl trimethoxysilane (MPS), a bifunctional molecule, to crosslink independently synthesized QDs and iron oxide nanoparticles. The thiol (-SH) terminus of MPS probably attaches to surface Cd 2+ ions in CdS nanoparticles [24] , whereas the siloxane (Si(OCH 3 ) 3 ) terminus binds to the iron oxide nanoparticle surface [25] . The silane termini also stabilize nanocomposites by preventing corrosion of the nanoparticle surface commonly arising from interactions with free ions in solution and direct photooxidation [1, 26] . Surface protection is a critical feature as corrosion can decrease fluorescence quantum yield.
Interestingly, MPS fluorescent-magnetic conjugates were found to exhibit pH sensitive stability and fluorescence. Stable and highly fluorescent composites were formed only in a very specific pH regime. The presence of both surface ligands-MPA and MPS-was critical in the development of these structures and their optical properties. This work emphasizes the importance of surface functionalization in nanoparticle design. The pH sensitive behaviour coupled with the magnetic properties of the particles presented here could be used for applications in biosensing (pH detection), imaging, biomechanics, and cell separation.
Materials and methods

Chemicals and instrumentation
Cadmium chloride (CdCl 2 ), sodium sulfide (Na 2 S), iron (III) chloride hexahydrate (FeCl 3 ·6H 2 O), and iron (II) chloride tetrahydrate (FeCl 2 ·4H 2 O) were obtained from Sigma Aldrich (USA). Mercaptopropionic acid (MPA) and 3-mercaptopropyl trimethoxysilane (MPS), were obtained from Fluka (USA). Double de-ionized distilled water (18 M , Millipore) was used for all syntheses and was sparged with Ar gas for 30 min before preparing each solution. All syntheses were carried out under argon. An Accumet AB15 pH meter with a flushable junction electrode was used for pH measurements.
Synthesis of iron oxide nanoparticles
Iron oxide nanoparticles were synthesized as described previously [25] through co-precipitation of iron compounds by reduction in base. FeCl 2 ·4H 2 O and FeCl 3 ·6H 2 O were mixed in 15 ml DI water in the molar ratio 1:2. The solution was heated to 70
• C under argon, at which time 0.6 ml of 50% NaOH solution were injected into the flask. The solution was then allowed to cool to room temperature. The resultant iron oxide nanoparticles were rinsed through repeated centrifugation in DI water that was sparged with Ar for 1 h before use. Aggregation was prevented by sonication for 2 h, followed by re-suspension in pH 7.0 DI water.
Synthesis of CdS nanoparticles
CdS QDs were synthesized following the procedure of Winter et al [27] using MPA:Cd:S ratios fixed at 22:1:0.4. Briefly, 400 μl of MPA was added to 40 ml of 5 mM CdCl 2 . The solution pH was raised to 6.5 by dropwise addition of 1 M NaOH. Then, 40 ml of 2 mM Na 2 S solution was added. The final solution was stabilized at pH = 7.0 by adjusting pH through dropwise addition of 1 M HCl or 1 M NaOH as required. The solution was permitted to react under Ar with continuous stirring for 30 min.
Synthesis of nanoparticle composites
Composites were synthesized through crosslinking of constituent particles using a bifunctional linker molecule. Iron oxide nanoparticles were added to the pH 7.0 final CdS reaction mixture in the ratio of Cd:Fe = 10:1. Next, MPS was added at a ratio of MPS:Fe = 1:1. This solution was stirred continuously for 6-8 h. Then, pH was reduced to pH 2.0 by dropwise addition of 1 M HCl. Aliquots of 3 ml were taken at various times throughout the synthesis for analysis.
Nanocomposite characterization
Constituent particles and their composites were characterized using electron microscopy (EM), UV-visible absorbance spectroscopy, fluorospectrophotometry, x-ray photoelectron spectroscopy (XPS) and superconducting quantum interference device (SQUID) magnetic measurements. Scanning transmission electron microscopy (STEM), transmission electron microscopy (TEM) and energy dispersive x-ray spectroscopy (EDS) measurements were collected with a Tecnai F20 instrument using holey carbon laced copper 400 mesh EM grids for the composites and CdS nanoparticles and carbon film coated nickel grids (200 mesh) for iron oxide nanoparticles. Absorption spectra were recorded using a Genesys spectrophotometer (Thermo Electron Corp.). Photoluminescence measurements were obtained at room temperature using standard quartz cuvettes on a Photon Technology International PTI-810 fluorometer (λ ex = 365 nm, lamp power = 72 W, detector voltage = 1110 V). Quantum yield measurements, obtained using quinine sulfate as a standard (λ ex = 365 nm, QY = 0.54), showed that the quantum yield for CdS QDs at pH 7.0 was ∼0.2 or 20%.
Results
Nanocomposite morphology
Nanocomposites were produced using individually synthesized iron oxide and CdS QD nanoparticles produced through aqueous arrested precipitation routes. Iron oxide nanoparticles were ∼10 nm in diameter (figure 1(a)) whereas CdS QDs exhibited diameters of 4-5 nm (figure 1(b)). Composites, however, exhibited much larger dimensions.
The size distribution, collected from STEM, shows that 68% of the composites are less than 200 nm in diameter, 78% are less than 300 nm and 90% are less than 500 nm (supporting information available at stacks.iop.org/Nano/20/485601).
Both large (figures 2(a) and (b)) and small (figures 2(c) and (d)) particles contain iron oxide and CdS nanoparticles as evidenced by EDS scans.
Nanocomposite absorbance
It has been well established that the constituent fluorescent nanoparticles, CdS quantum dots, exhibit pH sensitive growth in aqueous solution [27] . This was also observed in our work, even when pH changes were made as much as 30 min after particle synthesis ( figure 3(a) ). However, there are significant differences in pH response for iron oxide-CdS composites (MPS:MPA = 1:220) (figure 3(c)). Changes in peak intensity with pH are similar to those for CdS quantum dots, but shifts in the peak absorbance wavelength were far less pronounced for composites ( figure 3(d) ) and composite peaks also exhibited significant broadening. The resistance of the peak absorbance wavelength to pH induced shifts may indicate greater stability of the capping ligand coating, providing composites with better protected surfaces. These results were similar to those obtained for MPS-conjugated CdS nanoparticles in the absence of iron oxide (MPS:MPA = 1:220) ( figure 3(b) ), suggesting that the observed behaviour is a direct result of MPS conjugation and not iron oxide nanoparticles.
Nanocomposite photoluminescence
Iron oxide-CdS composites also exhibited pH dependent photoluminescence. For intermediate pH values of 5-7, virtually no fluorescence was seen (figures 4(a) and 5(a)). However, as pH was decreased from 5 to 1.5, fluorescence (c) STEM images (first row, first two panels from left) showed a wide particle size distribution 100 nm-1 μm. TEM images (starting from first row, third panel from the left) show particle cores embedded in a silica-based matrix. Each following snapshot in a sequence, shown from left to right and top to bottom, was taken after an interval of 30 s. It can be seen that the composite 'melts' under the focused electron beam-MPS and MPA polymerize through increased crosslinking to form a denser mesh and the particles coalesce to form a smaller composite. intensity increased in a linear fashion with a maximum at the lowest pH investigated (pH 1.5) (figure 5(a) inset). As anticipated for quantum dots prepared through an aqueous route, the peak bandwidth is broad, indicating trapped state emission [27] . The location of the PL peak was difficult to discern at low pH, but appeared to be ∼475 nm for pH values 4-7, shifting to ∼525 nm at pH < 3. This behaviour was mostly reversible ( figure 5(b) ). However, as pH was increased from a minimum value of 1.5, the PL peak remained at ∼525 nm and weak fluorescence was observed at pH 5-7. Thus, upon restoration, increasing pH resulted in a near linear decline of PL intensity throughout the pH range investigated, with a maximum PL intensity at pH 1.5. It should be noted that these responses were not dependent on the duration of stirring and heating (up to 16 h) during synthesis and that repeated centrifugation and re-dissolution of the particles to eliminate possible interactions with dissolved species did not alter the results, indicating the observed response likely results directly from the particle composition.
For comparison, PL spectra of MPA-capped, MPSconjugated CdS quantum dots were also evaluated. When MPA alone was used as the capping ligand, CdS QDs exhibited high PL intensity at pH 7, which rapidly declined with reduction to pH 6 (figure 4(a) and supporting information available at stacks.iop.org/Nano/20/485601). As pH was further decreased from 6 to 4, PL intensity increased, reaching a maximum at pH 4. As pH declined from 4 to 1.5, PL intensity decreased with virtually no fluorescence observed below pH 2. This behaviour was reversible but PL intensity was significantly diminished (increasing peak maximum ∼20% of declining peak maximum) and very little fluorescence was observed at pH 7.0. MPS-conjugated, MPA-capped CdS quantum dots (MPS:MPA = 1:220), however, displayed profiles similar to those observed in CdS-iron oxide composites (figures 4(b), 5(c) and (d)). This suggests that MPS, and not iron oxide, is primarily responsible for the observed pH responsive PL behaviour.
Nanocomposite magnetic properties
Constituent iron oxide nanoparticles (figures 6(a) and (c))
were nearly superparamagnetic at room temperature, with a remanence of 1.26 emu g −1 and a saturation magnetization of ∼55 emu g −1 . Both parameters are consistent with reported values [25, 28] . CdS-iron oxide composites (figures 6(b) and (d)) had near 0 remanence and a saturation magnetization of ∼9.5 emu g −1 , which was significantly reduced from that of unconjugated particles. Magnetization (M) also declined with increasing field strength (H ) indicating diamagnetic behaviour stemming from the silica-based matrix surrounding the nanocomposites. This is consistent with previous studies of silica conjugated nanoparticles [29] .
Response of composites to a magnetic field was also pH dependent. At neutral pH, iron oxide nanoparticles could be separated from composite solutions observed immediately after synthesis when a magnetic field was applied ( figure 7(a) ). These particles precipitated from solution when the magnet was removed. Even after several hours of stirring and heating, composites were not formed. In older samples (2-7 days) at neutral pH, particle flocculation was observed and high PL and magnetic sensitivity were lost ( figure 7(b) ). Flocculated particles precipitated even in the presence of a magnet. In contrast, composites formed at low pH, and both fluorescence and magnetic saturation were stable in low pH environments ( figure 7(c) ).
Discussion
Here, we report a method for creating aqueous, magneticfluorescent particles with pH sensitive properties, including pH sensitive formation, reduced sensitivity to absorbance shifts in response to pH change, and pH sensitive PL. The composites consist of CdS quantum dots conjugated to iron oxide nanoparticles through a bifunctional crosslinker (MPS) containing both thiol (-SH) and siloxane (Si (OCH 3 ) 3 ) termini. Despite the fact that only a small amount of MPS is used (1:220 MPS:MPA molar ratio), the morphology of the composites ( figure 1(c) ) indicates individual quantum dots and iron oxide nanoparticles are embedded in a silica-based matrix. EDS results confirm this observation (figure 2). Similar structures were observed by Kotov's group for MPS-CdTe and MPSCdSe composites [30] in what was dubbed a 'raisin-bun'-type composite; however, pH sensitive behaviour was not reported. Excess MPS (MPS:Cd ratio 1:1) was essential in the formation of these complexes. MPS has also been used to create thick, porous silica shells that controlled oxidation reactions limiting introduction of defects to the QD surface [31] .
The observed absorbance behaviour suggests that MPS-MPA-CdS and iron oxide-MPS-MPA-CdS particles are more stable to pH changes than their MPA-CdS counterparts. Specifically, MPA-CdS exhibit absorbance peaks that are correlated to pH. Given that QD absorbance is a function of particle size [4] , absorbance peak wavelength shifts are likely caused by surface erosion of smaller particles (blue-shift, pH values 7-4). The loss of surface ligands from the CdS quantum dots allows for Ostwald ripening through addition of freely floating CdS to the evacuated surface sites, thereby increasing the size of the particle (red-shift, pH values 3-1.5). These processes are most likely initiated by ligand loss, indicating an unstable particle surface. Similar behaviour has been seen in thiol-capped CdTe crystals [32] . This trend is not observed, however, for MPS-MPA-CdS or iron oxide-MPS-MPA-CdS composites, suggesting that MPS in combination with MPA ligands enhance particle stability against pH changes.
Iron oxide-MPS-MPA-CdS composites also exhibited pH sensitive PL with a near linear increase in PL from pH 7 to pH 1.5 (figures 4, 5 and 7). This is in contrast to MPA-CdS nanoparticles, which also exhibited pH sensitive PL, but with a maximum at intermediate pH (e.g., pH 4-5) and pH declines on either side of this maximum. It is interesting to note that at initial neutral pH values for fresh iron oxide-MPS-MPA-CdS nanocomposites, very little fluorescence was observed and the PL peak was centred near 475 nm, whereas as pH declined the PL peak shifted to ∼525 nm, and remained in this position (a) Freshly prepared, pH 7 composites observed within minutes of MPS and iron oxide addition. Under UV excitation and in presence of a neodymium magnet, separation between the iron oxide and fluorescent particles is seen (magnetic field strength is 0.5 T on the right and falls off to ∼0.25 T over the width of the glass vial), (b) CdS-iron oxide composites at pH 7 under UV excitation (365 nm) after particles were allowed to mature for 2 days. High PL and magnetic sensitivity is absent. (c) CdS-iron oxide composites at pH = 2.0 at t = 0, 10 min, and 3 h. upon subsequent pH increase (figure 5). Additionally, as pH increased, PL, which was previously virtually absent, was observed at neutral pH. This suggests that the particles undergo a 'maturation process', which may be related to bond forming between the MPS and MPA ligands. MPA-only particles exhibited a similar response, but in different pH ranges. At an initial pH of 7 high PL intensity was exhibited, but this declined dramatically when pH was lowered to 6 and remained much lower when pH returned to 7.
We believe that pH sensitive PL behaviour and the PL 'maturation' response may result from alterations in surface passivation as a result of MPS-MPA interactions. Increased passivation reduces surface defects, which can serve as centres for non-radiative decay of the excited state, enhancing fluorescence intensity. Increased surface passivation also enhances particle solubility, and we have observed that a decline in PL intensity is invariably coupled to a loss of solubility. This implies a mechanism whereby surface ligands detach in a pH sensitive manner, exposing the nanoparticle surface and permitting non-radiative recombination and particle aggregation, which decreases fluorescence intensity.
Magnetic properties were also altered in CdS-iron oxide composites. Unconjugated particles exhibit typical ferromagnetic to near superparamagnetic behaviour [25] . However, iron oxide-MPS-MPA-CdS conjugates exhibit diamagnetic behaviour in high magnetic fields. This can most likely be attributed to the presence of the silica-based coating [29] . SQUID results (figure 6) indicate that the silica-based matrix creates an opposing magnetic field, which effectively screens the field applied to the iron oxide particles, producing a decrease in magnetism following initial saturation. Nonetheless, particles clearly respond to a magnetic field (figure 7(c)) supplied by handheld magnets.
Thus, the unique, pH sensitive absorbance, PL, solubility, and magnetism observed in these composites all appear to result from interaction between the MPA and MPS capping ligands, which we believe form a crosslinked protective shell around the constituent particles. This hypothesis is supported by several factors. First, the magnetic data clearly indicate the presence of a diamagnetic screening material, and given the particle composition, this is most likely a silica-based matrix. Second, the composite peak absorbance wavelength is more stable against pH change, an indicator of increased surface passivation. Stability is enhanced even at low pH, where protonation of both thiolate ligands, dissociation from the CdS surface, and particle precipitation would normally be expected [33] . Indeed, MPA-CdS particles do not exhibit stability at low pH, suggesting interaction between the two ligands, possibly via crosslinking, results in this enhanced stability. Third, we have observed that particles are not formed when MPS alone is used as a capping ligand, or if MPS is added before MPA (data not shown). Additionally, although CdS nanoparticles can be created using only MPA as a ligand, their absorbance, PL, and solubility are distinct from that of MPS-MPA-CdS and iron oxide-MPS-MPA-CdS nanoparticles. Thus, both ligands are necessary to produce stable composites with the reported behaviour, and the order in which the ligands are added is critical. Given that MPS is added in a 1:220 ratio with MPA, this is surprising, and points to a possible interaction between the two ligands.
One possibility is that enhanced stability is derived from crosslinking of the siloxane termini at highly acidic (low) pH to form a silica-based matrix that protects MPA molecules from protonation and prevents their detachment from the QD surface. Iron oxide nanoparticles are also embedded within the matrix, and possibly conjugated to the siloxane termini. Such a matrix, while containing only a small amount of MPS, would stabilize MPA ligands on the nanoparticle surface, reducing their propensity to undergo Ostwald ripening and experience absorbance wavelength shifts and also enhancing PL intensity. The observed 'maturation response' in PL can then be explained by the initial formation of these crosslinks, which stabilize particles against further change. The ability of composite PL to respond to pH changes indicates that these matrix bonds are electrostatic in nature, rather than covalent, and can be reversibly formed and broken, leading to the observed reversible pH sensitive response.
The ability of silica-based coatings to modify nanoparticle surface properties, including solubility and photoluminescence, has been previously reported for other systems [24] . For example, similar pH dependent effects on PL have been observed for MPS-capped CdS QDs synthesized in tetrahydrofuran and methanol [26] , and pH dependent stability changes have been observed for core shell CdSe/ZnS particles [34] and Fe 3 O 4 /CdTe particles encapsulated in silica [35] . In the latter system, the observed increases in solubility and stability at low pH were correlated with high zeta potentials, the charge on the particle surface, leading to mutual repulsion and hence better particle dispersion.
These results confirm that quantum dot photoluminescence is directly correlated with solubility and surface passivation. Preventing degradation of the protective ligand matrix will be key to stabilizing future composites synthesized through an aqueous route. Here, we show that using optimized combinations of surface modifying ligands can enhance nanocomposite stability, and can be used to imbue particles with interesting properties (e.g., pH sensitivity). Given their fluorescent and magnetic properties, these particles could be applied in a number of applications (e.g., magnetic cell separation, multimodal imaging, and magnetic manipulation). It should be noted that the large size distribution of the composites may result in light scattering that reduces the observed fluorescence intensity, and limits biological application. This can; however, be addressed by size selective isolation of the smallest nanocomposites. Standard filtration techniques such as column and membrane filtration can be used to isolate the small composites necessary for biological applications. Another approach would be to use focused electron beams to polymerize MPS and MPA to form denser composites. This process can be seen in the sequence of TEM images above ( figure 1(c) ). This suggests that other focused energy sources such as ion beams or lasers could also be employed to induce polymerization in the composites and reduce particle size. This will be a focus of future work. In addition, the dependence of fluorescent properties on pH provides an extra modality that could be exploited for sensing the local environment, for example as a pH sensor, with subsequent magnetic separation. pH sensitive behaviour could be particular useful for local sensing in a biological environment. For example, particles could be used to track the motion of endosomes, with fluorescence increasing as pH decreases and vesicles convert to lysosomes.
